ABSTRACT A rapidly growing number of observations reveal ever more structure in young circumstellar disks that are presumed to be forming planetary systems. Prominent features observed are ring-shaped dust distributions with sharp inner edges around stars like the young, main-sequence star HR 4796A. Models aiming to explain the formation of these dust rings by grain migration incorporate radiation pressure of the central star as one shaping force in radial direction. However, the radiometric effect of photophoresis has been ignored, so far, in this context. This effect is based on a radiation-induced temperature gradient on the surface of a particle and the consequential nonuniform interaction with surrounding gas. The resulting force is able to effectively influence the motion of particles in gaseous environments, but so far photophoresis has been limited to applications in the field of aerosol science. Here we present calculations that underline the relevance of the photophoretic force for the dynamics of particles in gas-rich, optically thin circumstellar disks. Depending on the gas pressure, photophoresis can be stronger than radiation pressure, gas drag, and gravity by orders of magnitude. Then the motion of particles ranging in size from 1 m to 10 m will be dominated by photophoresis. Since the photophoretic force is a function of the gas density, it provides an efficient mechanism for fast radial migration of particles to a definite distance from the star where the gas density reaches a value at which photophoresis is in equilibrium with all other forces at work. By this effect, material is swept out from the inner region of the disk and piled-up in a more or less confined belt around the star. Thus, the formation of ringlike structures of the dust distribution can most naturally be explained without any further assumptions. Since photophoretic pile-up also works for larger bodies, it might even trigger the formation of Kuiper belts. Subject headingg s: circumstellar matter -planetary systems: formation -stars: individual (HR 4796A)
INTRODUCTION
In recent years resolved images of several circumstellar disks have been obtained at different wavelengths. One common feature observed in many of these objects is a ringlike structure of dust extending out from an inner clear zone of radius $10 AU to a few 100 AU. Prominent examples for such observations are those reported by Augereau et al. (1999) , Weinberger et al. (1999) , and Marsh et al. (2002) for HD 141569, and by Jayawardhana et al. (1998) , Koerner et al. (1998) , Schneider et al. (1999) , Telesco et al. (2000) , and Wahhaj et al. (2005) for HR 4796A.
Early-stage protoplanetary disks are optically thick, and radiative forces on dust particles do not have to be considered. However, as the disk evolves it gets optically thin; i.e., the dust density decreases. Haisch et al. (2001) find that dust particles in protoplanetary disks have a lifetime of about a few million years, estimated from the infrared excess of several stars, which is continuously decreasing with age. It is unlikely, however, that this timescale coincides with the removal of gas within the disk. If larger bodies such as planetesimals or terrestrial planets form, they might collect most of the solid mass but leave the gas essentially unchanged in density for a while. In fact, the core accretion model of giant planet formation requires a large core of several Earth masses to be embedded in a still-massive gaseous disk (Pollack et al. 1996) . That means that there is obviously a phase in the evolution of a circumstellar disk in which the dust density is substantially reduced so that the disk is optically thin but still has a significant amount of gas present.
For the transitional circumstellar dust disk around HR 4796A, disk models are discussed that explain the formation of ring structures as a consequence of migration of particles in a gaseous environment due to the superposition of different drag forces. Klahr & Lin (2001) introduce a local maximum in the gas density at a radius of 70 AU. This deviation from the monotonic decrease of gas density with distance to the star causes the dust particles to migrate to this region and be concentrated there, driven by a combination of radiation pressure and hydrodynamic drag. Haghighipour & Boss (2003) also report on rapid migration of bodies ranging in size from microns to 100 m to locations of enhanced gas density. In another model, Takeuchi & Artymowicz (2001) truncate the gas disk of HR 4796A at 100 AU, where the gas density rapidly declines over a width of about 12 AU. Again, dust particles migrate in a radial direction due to radiation pressure, gas drag forces, and pile-up at the supposed edge of the gas disk.
All these models postulate a gas density that deviates from the monotonic radial distribution in the region of ring formation, and they all use radiation pressure from the central star as the main outward-directed force on the dust particles. However, in a gasrich but optically thin disk there is another radiometric effect that has completely escaped attention so far: photophoresis (Ehrenhaft 1918; Preining 1966) . Photophoresis has never been applied in any astrophysical context. Its application has been restricted to the field of aerosol sciences. For example, it has been suggested that photophoresis due to sunlight is able to lift particles in Earth's atmosphere (Rohatschek 1996) . Very recently the effect has also been (re)discovered for more technical applications, such as the manipulation of dust particles in aggregation experiments (Steinbach et al. 2004) or the cleaning of surfaces from combustion products (Phuoc 2005) .
In contrast to radiation pressure, photophoresis depends not only on the intensity of the radiation but also on the gas pressure of a particle's environment. In this paper we present calculations that underline the relevance of the photophoretic force for the dynamics of dust particles in gas-rich circumstellar disks. We compare the strength of photophoresis to the other relevant forces such as radiation pressure, gravity, and gas drag for different particle sizes. Depending on the gas pressure, photophoresis can be stronger than radiation pressure and gravity by orders of magnitude. In these cases migration of dust particles is dominated by the photophoretic force rather than by radiation pressure, and all other effects become negligible.
Typical gas pressures in protoplanetary disks (Wood 2000; Tachibana et al. 1999; Hayashi et al. 1985) show that they have just the right gas density for photophoresis to work at its best if they are optically thin. Due to the pressure dependence of the photophoretic force and the assumed radially decreasing distribution of the gas density in late protoplanetary/young circumstellar disks, ringlike structures of the dust distribution can immediately and most naturally be explained without any further assumptions.
PHOTOPHORESIS
If a particle suspended in gas is illuminated by a light source, a temperature gradient will be established over the particle's surface. For large absorbing particles it is easily understandable that the side facing the radiation source gets hotter than the back side of the particle. Due to this nonuniform heating, gas molecules adsorbed at different positions on the surface will leave the particle with different temperatures, i.e., different velocities, and a net momentum is transferred to the particle. As a result the particle moves away from the light source. The respective force is called photophoretic force.
Some experimental work has been reported on the dependence of photophoresis on the radiation intensity, gas density, and particle size for different materials (Tong 1975; Arnold & Lewittes 1982; Rohatschek 1985) . Photophoresis has a symmetric dependence on the pressure of the surrounding gas. It can be described in terms of the Knudsen number, Kn, which is defined as the ratio of the mean-free path of the gas molecules to the particle size of the solid. In the regime of large Knudsen numbers, Kn 3 1, the photophoretic force is linearly increasing with pressure (Kerker & Cooke 1982; Mackowski 1989; Tehranian et al. 2001) , whereas for KnT1 it is linearly decreasing with pressure (Yalamov et al. 1976; Pluchino 1983) . The photophoretic force thus has a maximum strength for a given particle in the transition regime from low to high Kn (Tong 1975; Rohatschek 1995) .
For simplicity we assume particles to be spherical. This assumption might need to be reconsidered for more detailed analysis, which is beyond the basic nature of this paper. We also assume particles to be perfectly absorbing at the surface. In that case a quantitative description for the photophoretic force for the high Knudsen number regime has been given by Beresnev et al. (1993) as
The parameters of the solid particles are a (particle radius), k th (thermal conductivity), and (emissivity). Parameters of the gas are T (temperature), m g (molecule mass), and p (pressure). Further parameters are I (intensity of the light source), and J 1 (asymmetry parameter), which characterizes the accommodation of gas molecules at the surface and the absorption of light. It is J 1 ¼ 0:5 for complete absorption of the light and 100% accommodation of gas molecules. An accurate determination of J 1 is a separate electrodynamic problem that can, with a few exceptions, only be solved numerically. Furthermore, k ¼ 1:38 ; 10 À23 J K À1 is the Boltzmann constant, and ¼ 5:67 ;
is the Stefan-Boltzmann constant. In many cases, including those considered here, the third (and second) term in the denominator of equation (1) can be neglected so that we get a linear dependence on gas pressure, as mentioned before. The material property of the solid particles that is most important for the magnitude of the photophoretic force is the thermal conductivity k th . The lower the thermal conductivity of the particle the larger is the temperature gradient that can be established over the surface of the particle. A porous particle, like an aggregate consisting of smaller subunits, has a lower thermal conductivity than a compact bulk particle of the same material. The thermal conductivity of such an aggregate gets even lower if it is in a low-pressure environment. Hence, values of k th ¼ 10 À3 W m À1 K À1 or even lower can be regarded as typical for dust aggregates in a circumstellar disk (Presley & Christensen 1997) .
To compare the strength of photophoresis versus radiation pressure, we consider the radiation pressure
where c is the speed of light. For simplicity we consider only absorption of light over the geometrical cross section of a spherical particle. We do not consider a component due to scattering here. If we only take the first term in the denominator of the photophoretic force in equation (1), which can be done for low temperatures that are of interest here, and for small particles, the ratio of both forces is approximately given by
The ratio linearly increases with particle size and is inversely proportional to the thermal conductivity. Typical values (using k th ¼ 0:001 W m À1 K À1 and T ¼ 100 K) are plotted in Figure 1 . While particles larger than a few 10 m are usually not considered to be effectively influenced by radiation pressure, photophoretic forces are getting stronger in comparison. In the same way we can compare the photophoretic force to the gravitational force of a particle, F g :
where L star is the luminosity of the star, and M star is its mass. The dust density is given by d . It can be seen that the particle size does not enter into this approximation. Values assuming solar parameters and d ¼ 1000 kg m À3 are also plotted in Figure 1 . It shows that photophoretic forces can be orders of magnitude larger than gravity at typical pressures in protoplanetary disks, and it is logical to assume similar values in and beyond the transition stage to young circumstellar disks. It is rather curious that photophoresis has never been considered in this context, while radiation pressure is used in most models of dust migration in circumstellar disks. In denser regions of circumstellar disks photophoresis will be the dominant force on solid particles ranging in size from 1 m to 10 m. Any other effects might be secondary to negligible here.
The conservation of the temperature gradient across the particle is essential for a sustained migration of particles in a circumstellar disk due to photophoresis. One disturbing effect might be the Brownian rotation of the dust particles in the gaseous environment. If this rotation is faster than the timescale for the establishment of the temperature gradient within the particle, the photophoretic force will be reduced. In order to estimate this effect we calculate the time a particle needs to perform a 180 rotation driven by its Brownian interaction with the surrounding gas. Therefore, we equate the rotational energy of the particle 1 2 J ! 2 (J is the moment of inertia and ! the circular frequency) with the thermal energy 3 2 kT. For a spherical particle we obtain rot 180
For a 100 m particle with d ¼ 1000 kg m À3 at a temperature of 100 K, this time constant is approximately 200 s. The timescale for conductive heat transfer in the particle when it is illuminated is given by
where c d is the heat capacity of the dust material. For the same 100 m particle with a typical heat capacity of 1000 J kg À1 K
À1
and a thermal conductivity of 0.001 W m À1 K
, this characteristic time is only 10 s. For larger particles the ratio of heat to rot becomes even smaller. Thus, the direction of the temperature gradient in the dust particle is always fixed in space while the particle undergoes Brownian rotation. It is only for particle sizes of 1 m and smaller that Brownian rotation might lead to a more or less homogenous heating of the particle by the stellar illumination, resulting in a suppression of the photophoretic effect.
Energy loss due to enhanced thermal conduction from the hotter particle side to the ambient gas does not affect the temperature gradient for dust particles in a circumstellar disk, as can be shown by the following simple estimate. For high Knudsen numbers the heat transport from the particle to the gas is described by the Knudsen theory (Knudsen 1911; Stoffels et al. 1996) ,
Here c p /c v is the heat capacity ratio of the gas, which is 9/7 in the case of 2 atomic gas molecules; is the accommodation coefficient, which is approximately 1; and ÁT is the temperature difference between the illuminated surface of the dust particle and the gas. The conduction loss of a particle that is heated up by ÁT ¼ 10 K in a gas with p ¼ 1 Pa and T ¼ 100 K is approximately 5 ; 10 À3 W m
À2
. This is orders of magnitude lower than the incident radiation intensity so that this effect is not able to substantially reduce the temperature of the illuminated particle side.
A similar estimate shows that eventual heating of the nonilluminated particle side due to friction when moving radially through the gas disk can also be neglected. Under the conditions used above, frictional heating is too weak to significantly reduce the temperature gradient in the particle.
It should be noted that there is also experimental evidence for the magnitude of the photophoretic force as we have calculated it here. Rohatschek (1985) measured the photophoretic forces on m-sized particles of different materials with thermal conductivities down to 0.016 W m À1 K
À1
. The results were in good agreement with calculated values when applying an equation equivalent to equation (1) including only the first term in the denominator. Further comparisons of experimental and theoretical results can be found in Beresnev et al. (1993) .
DUST RINGS AND BELTS
The formation of ring-shaped dust distributions is one of the immediate and natural consequences of photophoresis in circumstellar gaseous disks. In the inner region of the disk the photophoretic force is dominating all other influences, due to the high gas density resulting in a rapid outward migration of dust particles and also larger bodies. As the gas density decreases with distance to the star, photophoretic drag varies from strong to negligible. The transition between photophoresis-dominated radial motion to gas-drag-dominated motion is steep, as seen below, and the dust particles are concentrated at this location of transition. This principle of particle pile-up by photophoresis does not depend on a detailed disk model. Nevertheless, to quantify the effect, we have to choose a gas density distribution. We take a power-law dependence of the gas density in the midplane, as given by Hayashi et al. (1985) for a minimum mass solar nebula:
The corresponding pressure is
and the temperature at the midplane is À1 K À1 (solid lines). For each particle size there is a minimum gas pressure above which photophoresis is stronger than radiation pressure. At sufficiently high pressures photophoresis can be several orders of magnitude larger than radiation pressure for a wide range of particle sizes. The line for a ¼ 1 cm ends at a pressure where the respective Knudsen number gets close to 1 and the applied theory for the photophoretic force is no longer valid. For comparison there is also a line for a compact particle of 1 cm size with thermal conductivity
. Also shown is the ratio of the photophoretic force to gravity for dust aggregates with low thermal conductivity and a star with solar mass and luminosity (dashed line). It is independent of particle size and is greater than unity above a pressure of 4 ; 10 À3 Pa.
The gas parameters would model a residual disk that retains typical values of its original dense structure in the midplane, at least at large distances from the star. Particle pile-up occurs under the combined action of photophoresis, radiation pressure, and gas drag. The latter can be described as a residual inward acceleration on a particle that is embedded in the gas and co-rotates with sub-Keplerian velocity. With the power-law distribution of the gas pressure in equation (9), the resulting drag force is given by Weidenschilling (1977) as
With the same assumptions as in x 2 an approximation for the ratio of the photophoretic force to the gas drag is given by
Like equation (4) this ratio also does not depend on the particle size. The equilibrium condition of all forces can then be calculated, including all terms in the denominator of equation (1), by
where the gas pressure p and the temperature T depend on the distance to the star, as shown in equations (9) and (10), respectively. The I also depends on the distance to the star and on its luminosity. In Figure 2 we plot values calculated for solar parameters as a function of the distance to the star. For a given set of dust parameters (size, emissivity, density, and thermal conductivity) photophoresis dominates in the inner region and quickly clears it out. At a certain distance to the star the radiative forces and the gas drag are in equilibrium. We assume an emissivity of 1 and particle sizes of 50 m, 100 m, 500 m, and 1 mm with densities of d ¼ 1000 kg m À3 . The latter corresponds to highly porous dust aggregates. However, as the approximation given in equation (12) shows, the ratio is not sensitive to emissivity and the actual size of the particles. Nevertheless, particle size does play a role in the formation of dust rings because the interplay of photophoresis and radiation pressure depends on size, as shown in equation (3). The force on the larger particles (500 m and 1 mm in Fig. 2) is dominated by photophoresis. Since the transition from large photophoretic force to a force comparable to gas drag is steep for these particles, there is a strong local concentration. This pile-up of large dust particles is also a consequence of the size-independence of the photophoretic force. Therefore, the curves for the 500 m and 1 mm particles in Figure 2 are very close together, indicating a sharp inner edge of the particle pile-up. The smaller particles are pushed farther out in the disk because they feel an additional force due to radiation pressure. The equilibrium positions of the 50 and 100 m particles in Figure 2 are already strongly influenced by radiation pressure. The slopes of the corresponding curves are slightly decreasing, and the size dependence of the radiation pressure force leads to a wider distribution of these particles according to their size. Thus, the smaller particles are spread out over a larger region in the disk and form a wide dust ring.
Due to the radiative origin the distance to the star at which inward-directed forces equal the photophoretic force can be regarded as a light barrier. No particles can drift inward beyond the light barrier. For large particles that are not influenced by radiation pressure the position of the light barrier is essentially given by their thermal conductivity and not by their size. This also implies that in circumstellar disks where photophoresis is dominant, particle loss due to Poynting-Robertson drag does not occur.
Here we apply our findings to a star for which a pronounced dust ring is observed. Therefore, we assume the luminosity and stellar mass to be that of HR 4796A, which is L star ¼ 21 L (Jura et al. 1998 ) and M star ¼ 2:5 M (Jura et al. 1993 ). If we increase the gas density by a factor of 2 the inner edge of the particle belt holding the larger particles moves to about 70 AU, which is exactly the distance where a narrow ring of dust is observed in HR 4796A (Wahhaj et al. 2005) . Since the mass of the star is 2.5 times solar, and since the minimum mass nebula is only a minimum, it is likely that the disk surrounding HR 4796A started off denser, and a factor of 2 times the minimum mass solar nebula seems plausible. If the thermal conductivities of the particles were known, the gas density would be the only free parameter. However, the density only concerns the outer region of the disk where the concentration enhancement of the particles takes place. Essentially any model with a decreasing gas density with distance will do, while the total amount of mass can be adjusted to observational constraints. The inner disk might have already lost all gas, e.g., due to stellar winds. This way photophoretic pile-up is not in contradiction to low estimates of the total gas mass of 1 to 10 M È for HR 4796A (Greaves 2004; Chen & Kamp 2004) , and dust rings can directly result from photophoretic drag.
The actual form of the observed rings around HR 4796A could be explained as follows. First, there is a strong pile-up of large particles with sizes of 1 mm and larger at the inner edge of the ring, which marks the light barrier for these bodies. Due to their high concentration there is a high collision rate. This produces a large amount of smaller dust particles in the m-size regime. These dust particles are subject to the additional force of radiation pressure and are thus spread out farther in the radial direction Fig. 2. -Ratios of the photophoretic force F ph and radiation pressure force F rad to gas drag F D on particles of different sizes in a circumstellar minimum mass disk depending on the distance to the star with solar parameters. The behavior of large particles is dominated by photophoresis, whereas for the small particles the curvature at larger distances from the star indicates a transition to radiation pressure. Dust particles settle at distances where all forces are in equilibrium (ratio is 1).
according to their size. The result is an IR-emitting disk with a sharp inner edge and a much more diffuse outer boundary.
If HR 4796A should prove to have too little gas currently at the midplane in the outer region, it might still have been photophoresis that put the larger bodies at the current position as a reservoir for smaller dust particles to be ejected by radiation pressure. This way, other circumstellar disks with ringlike structures could also be explained. At the same time, the collisions of particles at the inner edge of the ring may lead to the growth of even larger bodies that are comparable to Kuiper belt objects. Thus, it is only a small step to assume that photophoresis might be responsible for triggering or boosting the formation of Kuiper belts in the first place.
CONCLUSIONS
We have shown that photophoresis in optically thin gaseous environments is such a strong effect that it must not be neglected when modeling the migration of particles in such systems. Taking this effect into account can help to explain several phenomena in young circumstellar disks.
1. Inner voids.-High gas pressure, especially in the inner region of the disk, leads to a fast photophoretic blow-out of particles. Photophoresis is here much more efficient than radiation pressure, especially for larger particles. The result is a strongly depleted inner region, as observed for many circumstellar disks.
2. Dust rings.-Outward migration of particles ends at a defined distance from the star, where the gas pressure is low enough so that the photophoretic force (plus radiation pressure) is in equilibrium with gas drag. At this position, the light barrier, particle pile-up occurs, leading to an enhanced dust concentration. The formation of rings of particles with the same material properties, such as thermal conductivity and density, is a natural consequence of this. No special assumptions, such as local gas density enhancements, are needed to explain the formation of dust rings.
3. Kuiper belts.-The photophoretic pile-up of dust particles at some 10 AU distance from a Sun-like star may lead to an enhanced collisional growth of larger bodies at this position. The result might be an arrangement of objects like the Kuiper Belt in our solar system. The gas pressure is the only free parameter when the photophoretic parameters of the dust are more constrained, which could be achieved, e.g., by measurements of analog particles in the laboratory. We are currently setting up such experiments. It is important to note that once the photophoretic parameters of larger dust aggregates are known, the observed position of the light barrier might be used to determine the local gas density in the disk.
Timescales for particle concentration by photophoresis are very short, since photophoretic forces are much larger than gravity, and radiation pressure particle pile-up will happen very quickly. Smaller dust that might get lost due to coagulation or diffusion can be replenished by the collision of larger bodies.
The calculations presented here are not based on a rigorous particle migration model but on the well-established analytical equations that describe the forces at work. Our intention is to demonstrate the relevance of photophoresis for the dynamics of particles in young circumstellar disks. Some details, for example, concerning the thermal conductivities of particles and quantitative values for gas pressure, have to be discussed and will change, e.g., the position of possible light barriers. However, the reader should not be confused by this. While the details might change, the mechanism of photophoretic pile-up inevitably holds. This work is supported by the Deutsche Forschungsgemeinschaft (DFG).
